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| INTRODUCTION
Molecular oxygen (O 2 ) is an important constituent of the Earth's atmosphere and it is intricately linked to most life forms on earth.
The atmospheric O 2 reservoir exchanges with the biosphere on a timescale of roughly 1200 years. 1 Its isotopic composition is affected by biological, hydrological and photochemical processes. [1] [2] [3] [4] [5] [6] [7] should vary throughout the atmosphere because of variations in temperature. Yeung et al 6 observed that the clumped isotopes of stratospheric O 2 , above 22 km, are indeed in thermodynamic equilibrium at the low ambient stratospheric temperatures. In contrast, there was a clear deviation from isotopic equilibrium at the higher temperatures in the troposphere. This was explained in terms of the time scales of isotopic re-equilibration, which are long in the troposphere because of a low abundance of O atoms and short in the stratosphere because of much higher O atom levels there. Thus, in different regions of the atmosphere the isotopic re-equilibration can be faster or slower than the transport timescales. Therefore, the atmospheric Δ 35 and Δ 36 values reflect a dynamic balance between isotope exchange (temperature and oxidant dependent) and transport.
Interestingly, the biological recycling of O 2 , which is of primary importance for its bulk isotopic composition, has a negligible effect on the clumped isotopic composition because of the slow resetting time scale compared with photochemical isotope exchange.
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Here we report a method for measuring clumped and bulk stable isotope ratios in atmospheric O 2 using the 253 Ultra mass 
| Measurement of O 2 clumped isotopes with the 253 Ultra
Isotopic measurements including the clumped isotopes (Δ 35 and Δ 36 )
were carried out with the 253 Ultra isotope ratio mass spectrometer at Utrecht University, which is one of the first instruments produced by Thermo Fisher Scientific on the basis of the prototype described in
Eiler et al. 16 It is a double-focusing mass spectrometer with an electrostatic analyzer followed by a magnetic sector. It can be operated at three different mass resolutions, set by one of the three slits between the source and the electrostatic analyzer. 
| Sample O 2 purification
O 2 is separated from air using a gas chromatography (GC) column 
| Preparation of O 2 for testing isotopic reordering
There is a possibility of isotopic reordering in O 2 during sample storage, purification (e.g. GC column) and analysis in the mass spectrometer. 7 To quantify potential reordering effects, we prepared The separation between the Ar and O 2 peaks is 5 min when the GC column is kept at −77.8°C. Under these conditions N 2 is trapped on the GC column. To release the N 2 and observe the N 2 peak on the chromatogram, the GC column was taken out of the dry ice/ethanol bath when O 2 collection was finished, and kept at 25°C (indicated by the arrows below the detector trace) FIGURE 1 O 2 purification system. An air sample or gas mixture is admitted to a sample loop (10-mL volume) via a six-port valve. O 2 is separated from the other air constituents using a packed molecular sieve 5 Å (length: 3.05 m, OD: 1/8 inch, ID: 2 mm, Molsieve 5 Å) column cooled to dry-ice temperature (−77.8°C). The effluent from the GC column is monitored using a thermal conductivity detector (TCD, see Figure 2 ) and the sample is collected on silica gel at liquid nitrogen temperature (−196°C)
| Tropospheric and stratospheric air sampling and measurements
To determine the clumped isotope composition in lower tropospheric air O 2 , and to check the reproducibility of measurements, we have used ambient air compressed to~140 bar in a~40-L cylinder. This air was collected outside the Center for Isotope Research on the campus of Groningen University (Groningen, The Netherlands), in August 2017. Air is compressed using a Rix oil-free air and gas compressor (RIX Industries, Benicia, CA, USA). O 2 is extracted from the compressed air cylinder as described in section 2.4 and the isotopic composition is measured following the procedure described in section 2.2. We also collected an air sample from the Utrecht University Campus (Utrecht, The Netherlands) on 18 September 2018 and measured its isotopic composition. 18 Briefly, the air samples are passed through an Ascarite (sodium hydroxide coated silica; , but it is within the error associated with the individual measurements. Therefore, a zero-enrichment correction is not applied for the sample measurements.
The measured errors for all the isotopic ratios including the δ 35 and δ 36 values are compared with the errors expected from counting statistics and found to be similar (EECS, see Table 1 and supporting information). This proves that the 253 Ultra is very stable over the 7-h duration of these measurements. The variation in the EECS is due to different signal strength and measurement duration. As the measurement uncertainty closely follows the counting statistics, the We regularly observe when using the CDDs that the measurement errors are better than the counting statistics limit. We tentatively attribute this to the fact that the electron multipliers may not properly sample the Poisson distribution of count rates, because of the detector dead times. The Poisson distribution is the underlying statistics for calculating the counting statistics limit, and, if the high count rate tail is not detected, part of one tail of the distribution is cut off, which may lead to lower calculated errors for the CDDs. In the case of Faraday cups, all ions are counted as they pass through a resistor and the errors are similar to the counting statistics limit as expected.
| Ar and other isobaric interference
It is difficult to achieve full separation of Ar from O 2 by passing the gases through a GC column. Some traces of Ar from the tail of the The mass difference between these two isobars is 0.0308 u and the resolving power required to separate their peaks is~1160, which is easily achieved with the 253 Ultra at medium mass resolution. Figure 3D ). However, for the Ar-O 2 mixture ( Figure 3B ), it is barely visible because it is superimposed on (and partly contributes to) the tilted slope of the 36 Ar peak. Note that mass interferences conceptually cause "step changes" when they enter and exit the detector, and not tilted peak tops. The interferences from these isobars can easily be avoided in the 253
Ultra by measuring the isotopologue ratios at the right position of Figure 3 ). We could not identify the cause of this offset, but it is similar for both sample and working gas and expected to have little effect on the final δ 33 values. Ar peak, i.e., position 3 in Figure 3B and last line in Figure 3B ).
The small but significant differences in δ 
| Isotopic reordering in the GC column and the source of the mass spectrometer
To test isotopic reordering in the GC column and in the source of the mass spectrometer, isotopically spiked O 2 (Δ 36~6 84‰ and Δ 35~3 1‰) is used ( Table 3 ). The spiked O 2 sample is analyzed after preparation and then again after 4 days of storage in a stainless-steel canister of the same type as used for the stratospheric air samples presented below. The results agree within the analytical errors, suggesting that isotopic reordering in this storage canister is insignificant (Table 3) .
To investigate reordering in the purification system (in particular the GC column), an aliquot of the isotopically spiked O 2 is mixed with pure helium to prepare an O 2 concentration of~20%, similar to atmospheric O 2 , and the mixture is passed through the purification system following the same procedure as for the samples. The measured isotope ratios before and after passing through the purification system are presented in Table 3 . From the changes in difference between the spiked and unspiked O 2 is 0.02‰ (Table 3) which is similar to the analytical error of 0.02‰ ( O. Measurements are made at different peak positions as shown in Figure 3 . The 36 Ar isobaric interference for Δ 36 is very prominent when the measurement is made near the right edge of the Ar peak (position 3 in Figure 3 12, 19 in Figure 4 (the numerical values are provided in Table S1 , supporting information). The linear fit to the data presented in Figure 4 provides an empirical transfer function to convert the measured Δ 35 and Δ 36 values for O 2 into the Absolute Reference Frame (ARF). 15 The are similar to the errors expected from counting statistics ( Table 4) .
As for the zero enrichment (Table 1) , the variations in the δ (Table 4) . Table 4 (bottom row) also shows results for the air sample collected at the Utrecht University Campus. The isotopic results are similar to those of the air from the reference compressed air cylinder.
| Dependence of clumped isotope ratio (Δ) on bulk isotope ratio (δ value)
Clumped isotope measurements with isotope ratio mass spectrometers may exhibit a dependence of the clumped isotope ratio Δ on the bulk isotopic signature δ. A corresponding correction is found to be necessary for most of the CO 2 clumped isotope measurements using low-resolution isotope ratio mass spectrometers. 15, [19] [20] [21] In order to examine whether such an effect is present for our clumped isotope measurements of O 2 with the 253 Ultra, we isotopically scrambled two gases with widely different bulk isotopic compositions at high temperature (850°C). The isotopic ratios of the two gases, viz. IMAU O 2 and GEO O 2 before and after heating, are presented in Table 5 . IMAU O 2 is our working gas and GEO O 2 is a commercial O 2 gas supplied by Air Liquide (Eindhoven, The Netherlands). GEO O 2 has very low bulk isotope ratios and high O values (Table 6) , and are indistinguishable from those observed in the lower troposphere ( values is observed in both data sets. However, absolute differences of~0.3 in Δ 35 and~0.4‰ in Δ 36 between the two data sets are evident, which are beyond the analytical uncertainty of~0.1‰ for both Δ 35 and Δ 36 ( In our laboratory we use the change in pressure as an indication of the effective gas temperature (see section 2.3), whereas Yeung et al 
| CONCLUSIONS

